Ozone causes airway hyperresponsiveness (AHR) and pulmonary inflammation. Rho 23 kinase (ROCK) is a key regulator of smooth muscle cell contraction and inflammatory 24 cell migration. To determine the contribution of the two ROCK isoforms, ROCK1 and 25 ROCK2, to ozone-induced AHR, we exposed wildtype, ROCK1 
, and ROCK2 +/-mice to 26 air or ozone (2 ppm for 3 h) and evaluated mice 24 h later. ROCK1 or ROCK2 27 haploinsufficiency did not affect airway responsiveness in air-exposed mice, but 28 significantly reduced ozone-induced AHR, with a greater reduction in ROCK2 Two ROCK isoforms have been described: ROCK1 and ROCK2 (40, 47) . Emerging 70 data indicate that these two isoforms may serve different functions depending on the 71 cell type. There are both tissue specific and subcellular differences in ROCK 72 expression and localization (40, 69, 70) . Furthermore, while the kinase domains of 73 ROCK1 and ROCK2 are highly homologous, their Rho binding domains are less so, 74 which may account for differences in their regulation (40) . Both ROCK1 and ROCK2 75 deficient mice typically die neonatally, but heterozygous mice (ROCK1 +/-and ROCK2 +/-76 mice) are viable (41, 48, 54, 61) . In ROCK1 +/-mice, pulmonary expression of ROCK1 is 77 approximately 50% of wildtype (WT) with no change in ROCK2 expression. Similarly, 78 ROCK2 haploinsufficiency reduces pulmonary expression of ROCK2 by about 50% with 79 no change in ROCK1 (74) . 80
To examine the role of ROCK1 and ROCK2 in O 3 -induced AHR, we exposed WT, 81
ROCK1
+/-and ROCK2 +/-mice to either room air or O 3 (2 ppm for 3 h) and measured 82 airway responsiveness to inhaled aerosolized methacholine 24 h later. We also 83 examined the effect of treatment with the ROCK inhibitor, fasudil, on airway 84 responsiveness in air and O 3 exposed mice. Our results indicate an important role for 85 both ROCK1 and ROCK2 in O 3 -induced AHR. For ROCK2, this role is largely 86 independent of inflammation. 87 88 89 were returned to their home cages, and food and water were restored. 113
Measurement of pulmonary mechanics and airway responsiveness. 24 hours 114 after air or O 3 exposure, mice were anesthetized with sodium pentobarbital (50mg/kg, 115
Nembutal, Akorn, Lake Forest, Il) and xylazine (7 mg/kg, LLOYD Labs, Shenandoah, 116 IA), and instrumented for the measurement of pulmonary mechanics, as previously 117 described (66). To assess airway responsiveness, aerosols of PBS or methacholine 118 dissolved in PBS (increasing in half log increments from 0.3 to 100 mg/ml) were 119 delivered to the lungs. After each dose was delivered, total lung impedance (Z L ) was 120 measured every 15 seconds for the next 3 minutes. A parameter estimation model (14) 121 was used to partition Z L into components of Newtonian resistance (R n ) and the 122 coefficients of lung tissue damping (G) and lung tissue elastance (H). R n largely reflects 123 the conducting airways, whereas G and H assess the small airways and pulmonary 124 parenchyma, including airway closure. Sinusoidal perturbations at a frequency of 2.5 125
Hz were also applied to determine total lung resistance (R L ). of Pennsylvania) were seeded onto the coated hydrogels to form a confluent monolayer. 156
The cells were serum deprived for 2 days before measurements. Image sets on eachwell included one phase contrast image of HASM cells and one fluorescent image of 158 beads on the hydrogel surface. Image sets were taken on each well four times: 1) a 159 reference image set prior to seeding cells; 2) a baseline image set before adding drugs; 160
3) an image set 1 hour after treatment with ROCK inhibitors or vehicle (water); and 4) 161 an image set 1 hour after challenge with the agonists: histamine, endothelin-1 (ET-1), or 162 bradykinin. After correcting image shifts, traction forces by cells (per unit area) on 163 hydrogel were calculated at three time points: at baseline, after ROCK inhibitors, and 164 after agonist. The average traction at each time point was quantified using root mean 165 square (RMS) traction and the effect of ROCK inhibition or agonist challenge was 166 quantified using the RMS traction at each time point normalized to baseline RMS 167 traction, which we call as "force response ratio"(43). 168
Statistical Analysis: The significance of differences in outcome indicators was 169 assessed by factorial ANOVA using exposure (air or O 3 ) genotype or treatment (fasudil) 170 as main effects, or for HASM cells using drug treatment (vehicle or ROCK inhibitor) and 171 presence or absence of contractile agonist as main effects. BAL cells were log 172 transformed to conform to a normal distribution. For post hoc comparisons, we used 173 the Fisher LSD test. Statistical analyses were carried out using SAS software (SAS 174
Institute, Cary, NC). Results presented are mean ± SEM. p < 0.05 was considered 175 statistically significant. 176
177

RESULTS
178
O 3 -induced AHR requires ROCK1 and ROCK2. There were no significant 179 differences in the response to methacholine in air-exposed WT, ROCK1 +/-, and 180
ROCK2
+/-mice. In WT mice, exposure to O 3 caused AHR whether R L , Rn, G, or H was 181 used as the index of response (Fig 1) . In contrast, O 3 did not induce AHR in either 182
Because IL-17A, TNFα, and osteopontin have each been reported to play a role 184
in O 3 -induced AHR in WT mice (5, 8, 45, 56, 67) , we measured BAL IL-17A, TNFα, and 185 osteopontin in these mice. There was a robust increase in BAL concentrations of all 186 three moieties in O 3 versus air exposed mice ( Fig (Fig.4) . However, BAL KC, MCP-1, and MIP-3α, were each greater in 215 ROCK2 +/-than in WT mice exposed to O 3 (Fig.4 A, B , and D), consistent with the 216 greater increases in BAL macrophages and neutrophils in the ROCK2 +/-mice (Fig.3) . 217 218 Fasudil abrogates O 3 -induced AHR. Because our data indicated a role for 219 ROCK on O 3 -induced AHR and also indicated that this role was independent of O 3 -220 induced inflammation, we examined the effect of the ROCK1/ROCK2 inhibitor, fasudil, 221
on O 3 -induced AHR. Fasudil was administered 30 minutes before measurements of 222 airway responsiveness, i.e. after the induction of inflammation and injury by O 3 . In air 223 exposed mice, fasudil treatment caused a dose dependent reduction in airway 224 responsiveness, regardless of which measure of lung function (R L , Rn, G or H) was 225 used to assess responsiveness (Fig.5) . Indeed, at 10 mg/kg fasudil, the response to 226 methacholine was largely abolished. Fasudil (10 mg/kg) also abolished O 3 -induced 227 AHR, and even at 3 mg/kg there was a substantive reduction in both G and H at the 228 highest methacholine concentration in O 3 -exposed mice. As expected, given that 229 fasudil was administered just before measurements of AHR (i.e. 24 h after O 3 230 exposure), fasudil had no effect on BAL inflammatory cells or BAL protein (data not 231 shown). 232
233
Ozone increases pulmonary expression of ROCK2 but not ROCK1 or RhoA. 234 24 h after cessation of air or O 3 exposure, lungs of WT mice were harvested and total 235 lung protein prepared for Western blotting. Compared to air, O 3 exposure had no effect 236 on either ROCK1 or RhoA expression (Fig.6) (Figs. 2 and 4) . However, in 242 ROCK2 +/-mice, reduced O 3 -induced AHR was observed despite elevations in 243 inflammatory cells and mediators (Fig. 2-4) . The data suggest that ROCK2-mediated 244 events are downstream of O 3 -induced inflammation and/or injury. While ROCK is 245 known to contribute to ASM contraction (4, 7, 13, 18, 35, 37, 71) , the specific role of the 246 ROCK2 isoform has not been established. Consequently, we examined the effect of a 247 ROCK2 inhibitor on contractile force of HASM cells using FTTM. HASM cells in culture 248 exhibit substantial contractile forces which can be reduced by relaxant agonists such as 249 isoproterenol (63). In this study, we found that the pan ROCK inhibitor, Y27632, and 250 the specific ROCK2 inhibitor, SR3677, also caused dose dependent reductions in 251 contractile forces (vehicle treated cells in Fig.7 ). These effects of Y27632 are contraction. In contrast, ROCK1 mediated changes in hyaluronic acid (Fig. 2D) and/or 279 other inflammatory mediators (Fig.2) may also contribute to ROCK1-dependent effects 280
To assess the individual contributions of each ROCK isoform, we used ROCK1 282 and ROCK2 haploinsufficient mice, as previously described (26, 49, 74 (Fig.1) , indicating that in this 289 setting, either the presence of one ROCK isoform compensates for the reduction in 290 expression of the other or that a 50% reduction in expression of one ROCK isoform is 291 insufficient to affect responsiveness. The observation that in air exposed mice, 292 inhibition of both ROCK isoforms with fasudil did reduce airway responsiveness (Fig.5) , 293
suggests an essential role for ROCK in ASM contraction even in the absence of asthma 294 triggers. Such a role is also supported by the demonstration of marked reductions in 295 contractile force of HASM cells treated with ROCK inhibitors (Fig.7) . 296
Fragmentation of the extracellular matrix protein, hyaluronan, by oxidative stress 297 has been reported to contribute to O 3 -induced AHR in WT mice (11). We did observe a 298 significant reduction in HA in O 3 -exposed ROCK1 +/-versus WT mice (Fig.2D) and it is 299 conceivable that this reduced HA contributed to the reduced O 3 -induced AHR observed 300 in these mice. However, despite the profound reductions in O 3 -induced AHR in 301 ROCK2 +/-mice ( Fig.1) , we observed no reduction in BAL HA in these mice, nor were 302 BAL concentrations of TNFα, IL-17A, and osteopontin, or pulmonary mRNA abundance 303 of Grpr reduced in ROCK2 +/-versus WT mice (Fig.2) . Each of these inflammatory 304 moieties has been reported to play a role in O 3 -induced AHR in WT mice (5, 45, 56, 73) . 305
Consequently, the ability of ROCK2 haploinsufficiency to reduce O 3 -induced AHR is not 306 the result of changes in these moieties. Others have suggested that activation of mast 307 cells occurs after acute O 3 exposure (31) and we have previously reported a role for 308 ROCK1 in mast cell activation in the setting of allergen sensitization and challenge (26) . 309
However, we were unable to detect any mast cell protease/tryptase-1 (mMCP-1), a 310 marker of mast cell activation, in BAL fluid after O 3 exposure (data not shown), 311 suggesting that effects of ROCK on mast cells also fail to account for the role of ROCK 312 isoforms in O 3 -induced AHR. Consistent with these observations, Noviski et al reported 313
no effect of mast cell deficiency on O 3 -induced AHR in mice (42) . 314
Instead, ROCK2 may act within ASM cells. ROCK1 and ROCK2 are ubiquitously 315 expressed (47) and Western blotting of protein extracts from cultured murine tracheal 316 smooth muscle cells indicates that these cells do express ROCK2 as well as ROCK1 317
(unpublished observations). Others have demonstrated the importance of ROCK 318
activation for smooth muscle cell contractility both in vitro and in vivo (28, 33, 59, 74) . but can also have additional effects on the cytoskeleton that may promote or sustain 326 contraction (35). Given the effects of a ROCK2 inhibitor on force generation in HASM 327 cells (Fig.7) , it is evident that ROCK2 can participate in airway smooth muscle 328 contraction. Indeed, the observation that the ROCK2 inhibitor, SR3677, was nearly as 329 effective as the pan ROCK inhibitor, Y27632, at reducing cellular contractile forces 330 (Fig.7) suggests a dominant role for ROCK2 over ROCK1 in ASM contraction, though 331 we cannot rule out the possibility of some non-specific effects of SR3677 on ROCK1, at 332 least at the higher concentrations of this inhibitor. 333
The observation that airway responsiveness is reduced in ROCK1 +/-and 334
ROCK2
+/-versus WT mice exposed to O 3 , but not in ROCK1 +/-or ROCK2 +/-versus WT 335 mice exposed to air (Fig.1) suggests that there may be differences in the extent of 336 ROCK1/2 activation in air versus O 3 exposed mice. Such differences could be the 337 result of either alterations in the expression of these ROCK isoforms in relevant cell 338 types or O 3 -induced effects on factors inducing their activation. With respect to 339 expression, we did observe increased pulmonary expression of ROCK2 in O 3 versus air 340 exposed mice (Fig.6) . ROCKs are ubiquitously expressed (47) 17A has the capacity to induce ROCK2 expression in murine airway smooth muscle 345 cells (32). Hence, it is conceivable that release of IL-17A after O 3 ( Fig. 2A) accounts for 346 the observed changes in ROCK2 expression (Fig.6) . However, initial experiments using 347 anti-IL17A versus isotype antibody treatment of mice prior to O 3 exposure indicated no 348 effect of anti-IL-17A on lung ROCK2 expression (data not shown). Whether other 349 inflammatory mediators induced by O 3 (Fig.2, 4) have the capacity to induce ROCK2 350 expression remains to be established, nor do we know whether the observed changes 351 in ROCK2 expression (Fig.6 ) are actually required for the ability of this ROCK isoform to 352 affect O 3 -induced AHR. For example, ROCK1 also contributed to O 3 -induced AHR 353 (Fig. 1) without evidence of any change in ROCK1 expression (Fig.6) MLCP (20, 28, 38) . Both ROCK1 and ROCK2 contain 40) . 361
Pulmonary RhoA expression was not affected by O 3 (Fig. 6) , but it is possible that 362
RhoA-GTP was affected. Many pro-inflammatory mediators cause binding of RhoA to 363 GDP thus inducing ROCK activation (19, 38) . For example, TNFα, osteopontin, and 364 GRPR expression were all increased after O 3 exposure (Fig.2) . Each of these moieties 365 has the capacity to induce ROCK activation (17, 24, 44) . Given the likely role for ASM 366 in ROCK2-dependent effects on O 3 -induced AHR (see above), it is also possible that O 3 367 acts in some way to augment the ability of methacholine to induce ROCK activation in 368 ASM and thus potentiate airway responsiveness. recruitment of neutrophils and macrophages to the lungs (Fig.3) . Indeed, BAL 372 macrophages were actually elevated in ROCK2 +/-versus WT mice (Fig.3B) and there 373 was a similar trend for BAL neutrophils (Fig.3A) . BAL epithelial cells were also 374 on log transformed data in order to conform to a normal distribution. 680 681
